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The protein-tyrosine phosphatase Shpl is expressed ubiquitously in hematopoietic cells and 
is generally viewed as a negative regulatory molecule. Mutations in Ptpn6, which encodes 
Shpl, result in widespread inflammation and premature death, known as the motheaten 
(me) phenotype. Previous studies identified Shpl as a negative regulator of TCR signaling, 
but the severe systemic inflammation in me mice may have confounded our understanding 
of Shpl function in T cell biology. To define the T cell-intrinsic role of Shpl , we character- 
ized mice with a T cell-specific Shpl deletion (Shp1 fl/fl CD4-cre). Surprisingly, thymocyte 
selection and peripheral TCR sensitivity were unaltered in the absence of Shpl. Instead, 
Shp1 fl/fl CD4-cre mice had increased frequencies of memory phenotype T cells that ex- 
pressed elevated levels of CD44. Activation of Shpl -deficient CD4 + T cells also resulted in 
skewing to the Th2 lineage and increased IL-4 production. After IL-4 stimulation of Shp1- 
deficient T cells, Stat 6 activation was sustained, leading to enhanced Th2 skewing. 
Accordingly, we observed elevated serum IgE in the steady state. Blocking or genetic deletion 
of IL-4 in the absence of Shpl resulted in a marked reduction of the CD44 hi population. 
Therefore, Shpl is an essential negative regulator of IL-4 signaling in T lymphocytes. 



T cells are characterized by their ability to ex- 
pand dramatically in an antigen-specific manner 
during an immune challenge. After an initial im- 
mune response, a small proportion of respond- 
ing T cells survive and give rise to memory cells 
(Bruno et al., 1996). Memory T cells express ele- 
vated levels of CD44 and can be divided fur- 
ther into central-memory (CD62L hl CCR7 hl ) 
and effector-memory (CD62L'° CCR7'°) com- 
partments. However, not all T cells that display 
the phenotype of memory cells are the product 
of a classical antigen-specific immune response 
(Sprent and Surh, 201 1). For example, such cells 
are found in unimmunized mice, including those 
raised in germ-free and antigen-free conditions 
(Dobber et al, 1992;Vos et al, 1992). The pre- 
cise ontogeny of such cells remains elusive, 
although several mechanisms by which naive 
cells can adopt a memory phenotype have been 



characterized. Naive T cells introduced into 
lymphopenic environments adopt a memory 
phenotype through a process of homeostatic 
proliferation in response to IL-7 and MHC 
(Goldrath et al, 2000; Murali-Krishna and 
Ahmed, 2000). Additionally, increased produc- 
tion of IL-4 has been linked to the development 
of memory phenotype— innate T cell populations 
in studies of several knockout mouse models 
(Lee etal.,2011). 

The T cell response is tightly regulated by 
the balance of phosphorylation and dephos- 
phorylation of intracellular signaling molecules. 
Shpl (encoded by Ptpn6) is a protein tyrosine 
phosphatase expressed ubiquitously in hemato- 
poietic cells and has been broadly characterized 
as a negative regulator of immune cell activation 
(Pao et al, 2007a; Lorenz, 2009). The physio- 
logical relevance of Shpl as a key negative reg- 
ulator of the immune response is illustrated by 
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the motheaten (me) and motheaten viable (me") mutations, which 
ablate Shpl expression or greatly reduce Shpl activity, respec- 
tively (Shultz et al., 1993; Tsui et al., 1993). Homozygous 
me/me or me" /me" mice (hereafter, referred to collectively as me 
mice) suffer from severe systemic inflammation and autoim- 
munity, which result in retarded growth, myeloid hyperplasia, 
hypergammaglobulinemia, skin lesions, interstitial pneumo- 
nia, and premature death. More recently, a study has identified 
a third allele of Ptpn6, named spin, which encodes a hypo- 
morphic form of Shpl (Croker et al., 2008). Mice homozy- 
gous for spin develop a milder autoimmune/inflammatory 
disease that is ablated in germ-free conditions. 

Shpl has been implicated in signaling from many immune 
cell surface receptors (Zhang et al., 2000; Neel et al., 2003), 
including the TCR (Plas et al, 1996; Lorenz, 2009), BCR 
(Cyster and Goodnow, 1995; Pani et al., 1995), NK cell recep- 
tors (Burshtyn et al., 1996; Nakamura et al., 1997), chemokine 
receptors (Kim et al., 1999), FAS (Su et al., 1995; Takayama 
et al., 1996; Koncz et al., 2008), and integrins (Roach et al., 
1998; Burshtyn et al., 2000). Shpl also has been demonstrated 
to regulate signaling from multiple cytokine receptors by de- 
phosphorylating various Jak (Klingmuller et al., 1995; Jiao 
et al, 1996; Minoo et al., 2004) and/or Stat (Kashiwada 
et al., 2001; Xiao et al., 2009) molecules. Several of these 
cytokines are pertinent to T cell biology. For example, Stat 
5 is an essential mediator of signals from IL-2 and IL-7 
(Rochman et al., 2009). IL-4 signaling results in Stat 6 phos- 
phorylation and has potent Th2 skewing effects. Additionally, 
IL-4 has mitogenic effects on CD8 + T cells (Rochman et al., 
2009) . Notably, mutation of the immunoreceptor tyrosine- 
based inhibitory motif (ITIM) in IL-4Rct results in ablation 
of Shpl binding and hypersensitivity to IL-4 stimulation 
(Kashiwada et al., 2001), implicating Shpl as a regulator of 
this cytokine receptor. 

Although development of the me phenotype does not re- 
quire T cells (Shultz, 1988;Yu et al., 1996), several aspects of 
T cell biology reportedly are controlled by Shpl (Lorenz, 
2009). Most previous studies that examined the role of Shpl 
in T cells used cells derived from me/me or me v /me v mice 
(Carter et al, 1999; Johnson et al, 1999; Zhang et al, 1999; 
Su et al., 2001) or cells expressing a dominant-negative allele 
of Shpl (Plas et al., 1996, 1999; Zhang et al, 1999). Several such 
reports have concluded that Shpl negatively regulates the 
strength of TCR signaling during thymocyte development 
and/or peripheral activation (Carter et al., 1999;Johnson et al., 
1999; Plas et al, 1999; Zhang et al, 1999; Su et al, 2001). 
Despite the large number of studies that implicate Shpl in 
control of TCR signaling, there is no consensus on which 
component of the TCR signaling cascade is targeted by the 
catalytic activity of Shpl. Suggested Shpl targets downstream 
of T cell activation include TCR-£ (Chen et al., 2008), Lck 
(Lorenz et al., 1996; Stefanova et al., 2003), Fyn (Lorenz et al., 
1996), ZAP-70 (Plas et al., 1996; Chen et al., 2008), and SLP-76 
(Mizuno et al., 2005). Shpl also is implicated in signal trans- 
duction downstream of several immune inhibitory receptors 
that negatively regulate T cell activity, such as PD-1 (Chemnitz 
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Figure 1 . T cell specific deletion of Shpl . (A) The indicated thymo- 
cyte populations were FACS sorted and Shpl expression was determined 
by immunoblot. (B) Frozen sections of organs from Shp1 f " fl and Shp1 f " fl 
CD4-cre littermates were stained with hematoxylin and eosin. Images are 
representative of four littermate pairs. Bars, 250 pm. 



et al, 2004), IL-10R (Taylor et al., 2007), CEACAM1 (Lee 
et al, 2008), and CD5 (Perez- Villar et al, 1999). 

The severe inflammation characteristic of the me pheno- 
type might have confounded studies examining the cell- 
intrinsic role of Shpl in various hematopoietic cell types. We 
previously generated a floxed Shpl allele that facilitates analy- 
sis of the role of Shpl in various lineages (Pao et al., 2007b). 
Previous studies have used this approach to study the role 
of Shpl in T cells during antiviral and antitumor immune 
responses, respectively (Fowler et al., 2010; Stromnes et al., 
2012). However, a more fundamental analysis of the cell- 
intrinsic role of Shpl during T cell development, homeo- 
stasis, and activation has not been reported. Here, we provide 
evidence that a major role for Shpl in T cells is to maintain 
normal T cell homeostasis through negative regulation of 
IL-4 signaling. 

RESULTS 

T cell-specific deletion of Shpl 

To examine the cell-intrinsic role of Shpl inT cells, we gen- 
erated mice homozygous for a floxed allele of Ptpn 6 that also 
expressed CD4-cre.As expected, absence of Shpl expression 
was detected in double-positive (DP) thymocytes and their 
progeny (Fig. 1 A). Shpl fl/fl CD4-cre mice did not develop 
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Figure 2. Thymocytes develop normally In the absence of Shp1 . (A and B) Thymocytes from Shp1 f " fl and Shp1 fl ' fl CD4-cre mice were stained with 
antibodies specific for various surface markers. CD8 and CD4 profiles for total thymocytes and CD44 and CD25 expression for gated DN thymocytes are 
shown in A. Total cell numbers for each population are shown in B; n = 4. (C) Mature CD4+ and CD8+ SP thymocytes were evaluated by flow cytometry for 
the expression of the surface markers CD24, CD69, and CD5. Thymocytes from Pi 4 Shp1 fl ' fl and Pi 4 Shp1 f " fl CD4-cre mice were evaluated using a similar 
panel of antibodies. (D and E) Thymocytes were stained with a-CD4 and oc-CD8 antibodies (D), and absolute number of the various subsets are shown in E; 
n = 3. (F) CD8 SP P14 thymocytes were gated and CD24, CD69, CD5, and Va2 expression was assessed by flow cytometry. (G) CD8 SP P14 thymocytes 
stained with CFSE were cultured for 2 d with irradiated splenocytes and the indicated concentration of gp33. Statistical analyses were performed by one- 
way AN0VA (B) or Student's t test (E); ns, P > 0.05. Values for B and E are displayed as ± standard error. 
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Figure 3. Shpl restricts the development of memory phenotype T cells. T cells from Shp1 f " fl or Shp1 fl,fl CD4-cre mice were stained with monoclo- 
nal antibodies against the indicated cell surface molecules. (A) Mature SP thymocytes and splenic T cells were assayed for CD44 expression by flow 
cytometry. (B) Percentage of splenic T cells with CD44 hi phenotype, displayed as ± standard error; n = 8. (C) Splenic T cells, gated based on expression of 
CD4, CD8, and CD44, were stained with antibodies against the indicated markers. (D) Expression of CD44 on splenic T cells from P14+ mice. Cells are gated 
on the CD8 + Va2 + population. Statistical analysis of data in B was performed by Student's ttest; **, P < 0.01. 



overt autoimmunity or inflammation (Fig. 1 B), consistent 
with prior work showing that the me phenotype is T cell in- 
dependent (Yu et al., 1996). 

Thymocytes develop normally in the absence of Shpl 

Next, we asked if Shpl plays a role in thymocyte develop- 
ment. Shpl conditional knockout mice contained normal pro- 
portions of double negative (DN1— >DN4), DP, and CD4 + and 
CD8 + single-positive (SP) thymocyte populations (Fig. 2 A). 
There also was no change in the absolute number of cells 
contained within each developmental compartment of the 
thymus (Fig. 2 B), nor did we detect any differences in the 
staining of CD4 + or CD8 + SP thymocytes for the markers 
CD5, CD69, or CD24 (Fig. 2 C). Together, these data suggest 
that Shpl is dispensable for thymocyte development. 

Previous studies of mice expressing TCR transgenes iden- 
tified a role for Shpl in thymocyte selection (Carter et al., 
1999;Johnson et al, 1999;Plas et al, 1999; Zhang et al, 1999). 
We crossed our T cell— specific Shpl conditional knockout 
mice with mice expressing the P14TCR transgene, an MHC-I 
restricted TCR composed ofVa2 andV(38.1, which recog- 
nizes the gp33-41 epitope of lymphocytic choriomeningitis 
virus in the context of H-2D b (Pircher et al., 1989). Surpris- 
ingly, Shpl -deficient P14 transgenic mice had normal pro- 
portions and numbers of thymocyte subsets, including the 
positively selected CD8 + SP population (Fig. 2, D and E). 



The CD8 + SP population also expressed similar levels of 
CD5, CD69, andVa2, suggesting that positive selection was 
unaltered by the absence of Shpl (Fig. 2 F). Shpl deficiency 
also did not influence the selection of the OT-I or OT-II 
TCR transgenes (unpublished data). To verify that Shpl does 
not regulate thymocyte selection, we performed in vitro thy- 
mocyte stimulations. Wild-type and Shpl -deficient P14 thy- 
mocytes required an equivalent concentration of gp33 to 
induce proliferation. Furthermore, Shpl had no impact on 
the extent of proliferation induced by gp33 (Fig. 2 G). Together, 
these results suggest that Shpl is not essential for regulating 
thymocyte positive selection or TCR signaling threshold. 

Memory phenotype T cells accumulate in Shpl 
conditional knockout mice 

Next, we examined the phenotype of peripheral T cells from 
Shpl fl/fl CD4-Cre mice compared with control Shpl fl/fl mice. 
We found that spleens from Shpl fl/fl CD4-cre mice were en- 
riched forT cells expressing elevated levels of CD44 (Fig. 3, A 
and B). This increase was observed in the CD4 + and the 
CD8 + T cell compartments, although the increase in the CD8 + 
CD44' 11 population was more prominent. Shpl -deficient 
lymph node and blood T cells also displayed a CD44 hl pheno- 
type (unpublished data). In contrast, CD44 levels were nor- 
mal in mature SP thymocytes, indicating that Shpl -deficient 
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Figure 4. Shp1 -deficient T cells exhibit normal responses 
to TCR stimulation. (A) T cells were isolated from spleens, 
labeled with CFSE, and cultured on a 96-well plate coated with 
cross-linked antibodies against CD3 ± CD28. Cells were har- 
vested 3 d later, stained for CD4 and CD8, and analyzed by flow 
cytometry. (B) Splenic T cells were sorted into CD44 hl and CD44' 0 
populations by FACS, labeled with CFSE, and cultured on a 96- 
well plate coated with cross-linked antibodies against CD3 and 
CD28 at the indicated concentrations. Cells were analyzed as 
in A. (C and D) Cells were treated as in A, harvested 6 h after 
stimulation, and analyzed for IL-2 (C) and TNF (D) expression by 
intracellular staining; n = 2. Data are representative of three 
independent experiments. Values for C and D are displayed 
as ± standard error. 
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T cells become CD44 hl after thymic egress (Fig. 3 A). A pre- 
vious study of me mice implicated Shpl in control of regula- 
tory T cell (T reg cell) development (Carter et al., 2005). 
However, we found no difference in the frequency of T reg cells 
inT cell— conditional Shpl knockout mice (unpublished data). 

Elevated CD44 expression is associated with activated 
and memory T cells. The CD44 hl population in our mice ap- 
peared to have a memory phenotype, as they did not express 



the activation markers CD25 or CD69 (unpublished data). 
Memory T cells can be divided further into central memory 
(CD44 hl CD62L hl CD127 hl CCR7 hl ) and effector memory 
(CD44 hl CD62TJ° CD127 1d CCR7 1d ) populations. The CD4 + 
CD44 hl T cell populations from wild-type and T cell condi- 
tional Shpl knockout mice were composed of a mixture of 
CD62L W and CD62L 1d cells (Fig. 3 C). The CD4+ CD44 M pop- 
ulations also displayed heterogeneous expression of CD 127 
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and CCR7. Together, these findings suggest that the CD4 + 
memory phenotype compartment contained a mixture of 
effector and memory phenotype cells. In contrast, the CD8 + 
CD44 hl populations contained a high proportion of CD62L hl 
CD127 lu CCRy 1 " cells, suggesting a prominent central mem- 
ory phenotype. 

The expression of these markers was identical in Shpl- 
deficient memory phenotype cells and the naturally occurring 
memory phenotype population present in wild-type mice. 
This finding suggests that the Shpl -deficient CD44 hl popula- 
tion reflects an expansion of normally occurring memory 
phenotype T cells. Notably, the central memory phenotype 
of the CD44 hl populations is consistent with the phenotype 
of naive T cells that have undergone homeostatic expansion 
(Sprent and Surh, 2011). To test if the memory phenotype 
population was a consequence of an antigen-specific T cell 
expansion, we examined the expression of CD44 on P14 
TCR transgenic T cells. However, CD44 expression also was 
elevated in Shpl -deficient P14T cells, demonstrating that the 
accumulation of memory phenotype cells is not driven by a 
response to a specific endogenous antigen (Fig. 3 D). 

T cells respond normally to TCR stimulation 
in the absence of Shpl 

To test whether Shpl plays a role in regulating TCR sensitiv- 
ity, T cells from Shplfl/fl and Shpl fl/fl CD4-cre mice were 
stimulated in vitro with ct-CD3 ± ct-CD28.Total CD4+T cells 
from Shpl conditional knockout animals displayed increased 
proliferation, compared with wild-type CD4 + T cells, when 
stimulated with a-CD3 or a-CD3 + a-CD28. (Fig. 4 A). Shpl- 
deficient CD8 + T cells stimulated with a-CD3 displayed 
dramatic hyperproliferation, although this difference was elimi- 
nated upon addition of a-CD28.To determine if the enriched 
memory-like population in Shpl conditional knockout 
animals was responsible for the enhanced proliferation, T cells 
were sorted for CD44, and the CD44'° population was then 
stimulated with a-CD3 ± a-CD28 (Fig. 4 B). Notably, the 
enhanced proliferation of Shpl -deficient (total) T cells was 
eliminated when the large memory phenotype population was 
removed. This result indicates that the apparent hyperprolif- 
erative response of Shpl -deficient T cells reflects the intrinsi- 
cally more robust response of memory phenotype cells, rather 
than the effects of Shpl on TCR responsiveness per se. 

We also examined the capacity of Shpl -deficient T cells 
to produce cytokines in response to TCR stimulation. When 
cells were gated based on their CD44 expression, there was 
no difference in the ability of wild-type or Shpl-knockout 
T cells to produce IL-2 (Fig. 4 C) or TNF (Fig. 4 D) in re- 
sponse to stimulation with a-CD3 and ct-CD28. In contrast 
to previous studies (Johnson et al., 1999; Fowler et al., 2010), 
these data suggest that Shpl does not have a role in regulating 
TCR sensitivity in peripheral T cells. 

T cells skew to Th2 in the absence of Shpl 

We next investigated if Shpl has a role in controlling the 
differentiation of CD4 + Th cells. Naive CD4 + T cells were 

1424 



stimulated in vitro with ct-CD3 and ct-CD28, followed by 
3 d of culture in the presence of IL-2. Upon restimulation, a 
significantly lower proportion of Shpl -deficient T cells ex- 
pressed IFN-7 compared with controls (Fig. 5, A and B). 
Additionally, there was a significant increase in the number 
of IL-4— producing cells. In contrast, Shpl -deficient T cells 
stimulated immediately after their isolation exhibited normal 
production of IL-4 (unpublished data), suggesting that Shpl- 
deficient T cells are not preprogrammed for IL-4 production. 
Together, these findings suggest that Shpl negatively regulates 
Th2 differentiation in vitro. To examine whether the in vitro 
Th2 bias is also seen in vivo, we examined serum antibody 
levels. Indeed, the serum concentration of IgE, the prototypic 
Th2 antibody isotype, was ^50-fold higher in knockout 
mice compared with controls (Fig. 5 C). In contrast, knock- 
out and wild-type mice had similar levels of serum IgG2a, a 
Thl-driven isotype. Therefore, Shpl regulates Th2 skewing 
in vitro and in vivo. 

Th2 differentiation is regulated by a transcriptional net- 
work that includes IL-4R— induced, pStat6-directed transacti- 
vation of the master Th2 transcription factor GATA-3 (Zhou 
and Ouyang, 2003). To determine if Shpl regulates signaling 
downstream of IL-4R inT cells, we stimulated wild-type and 
Shp 1 -deficient T cells with IL-4 and measured Stat 6 tyrosyl 
phosphorylation. Shpl deficiency did not affect the dose- 
response curve for IL4-evoked Stat 6 phosphorylation (Fig. 5 D) . 
To measure the kinetics of pStat6 dephosphorylation, T cells 
were pulsed with IL-4 for 30 min, followed by three washes 
to remove residual cytokine. Wild-type T cells showed robust 
Stat6 tyrosyl phosphorylation upon IL4 stimulation, followed 
by a loss of the pStat6 signal 2 h later. In contrast, Shpl -deficient 
T cells maintained high levels of Stat6 phosphorylation at 
2 and 3 h after cytokine withdrawal (Fig. 5 E), indicating that 
Shpl is required for the efficient dephosphorylation of Stat6 
after IL-4 stimulation. 

Memory phenotype cells in Shpl conditional knockout mice 
are dependent on IL-4 

We sought to determine if cell-intrinsic or -extrinsic forces 
were driving the formation of memory phenotype T cells 
within Shpl conditional knockout mice. Toward this aim, we 
generated mixed bone marrow chimeras. Irradiated, congeni- 
cally marked (CD45.1) hosts were reconstituted with bone 
marrow cells from wild-type mice (Thyl.l), conditional 
knockout mice (Shpl fl/fl CD4cre), or a 1:1 mixture of the 
two. In mice reconstituted with conditional knockout bone 
marrow, there was a significant enrichment for both CD4 + 
and CD8 + memory phenotype T cells in comparison with mice 
reconstituted with wild-type bone marrow (Fig. 6, A and B). 
Mixed bone marrow chimeras contained wild-type T cells 
with a predominantly naive phenotype and knockout T cells 
with an enriched memory phenotype population. This find- 
ing indicates that Shpl knockout T cell phenotype is cell in- 
trinsic and not a response to altered cell-extrinsic factors. 

Previous studies have linked IL-4 to the abnormal expan- 
sion of memory phenotype CD8 + T cells (Lee et al., 2011). 
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Figure 5. T cells skew to Th2 in the absence of 
Shp1 . (A) Naive (CD44'°) CD4+ T cells were isolated, 
stimulated for 3 d with a-CD3/CD28, and then re- 
stimulated with PMA/lonomycin 4 d later. Cells were 
harvested and stained 6 h after restimulation. 

(B) Cells were stimulated and analyzed as in A. Per- 
centages of cells staining positive for I FN 7 or IL-4. 
Data are representative of three independent experi- 
ments and are displayed as ± standard error; n = 4. 

(C) Concentration of I g E and lgG2a in sera from the 
indicated unmanipulated age-matched mice. Hori- 
zontal bars represent sample means; n = 8. (D) T cells 
were stimulated with the indicated concentrations 
of IL-4 for 30 min and then fixed and stained for 
p-Stat6. Histograms are gated on CD44' 0 T cells. 

(E) T cells were stimulated with 10 ng/ml IL-4 for 30 min 
and were then washed three times with media. Cells 
were harvested at the indicated times and analyzed 
as in D. Data are representative of three independent 
experiments. Statistical analyses of data in B and C 
were performed by Student's t test; ns, P > 0.05; 
*,P< 0.05;**, P<0.01. 



To test if the enhanced sensitivity of Shpl deficient T cells 
to IL-4 was driving the accumulation of memory phenotype 
cells, we crossed our Shpl conditional knockout mice to 
IL-4~ 7 ~ mice. The absence of IL-4 had no effect on the fre- 
quency of peripheral blood CD44 hl cells in mice expressing 
Shpl (Fig. 6, C and D). However, lowering (IL4 +/ ~) or elimi- 
nating (IL4 _/ ~) IL-4 expression in Shpl conditional knock- 
out mice resulted in a reduced percentage of CD4 + and CD8 + 
CD44 U cells in blood (Fig. 6 D). The percentage of CD4 + 
CD44 lu T cells returned to wild-type levels in double knockout 
mice, suggesting that IL-4 is essential for the development of 



excess CD4 + CD44 lu T cells caused by the absence of Shpl. 
Decreasing IL-4 levels also lowered the proportion of CD8 + 
CD44 hl T cells, although the percentage of these cells consis- 
tently remained above wild-type levels in all organs, sug- 
gesting that additional factors contribute to CD8 + memory 
phenotype T cell development in the absence of Shpl. Serum 
IgE was undetectable in double knockout mice (unpublished 
data), indicating that IL-4 is critical for the elevated IgE levels 
detected in Shpl conditional knockout mice. 

To ask whether IL-4 also is required to maintain the in- 
creased memory phenotype population, mice were treated 
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Figure 6. IL-4 is required for the accu- 
mulation of CD44 hi T cells in Shp1 condi- 
tional knockout mice. (A) Bone marrow 
from Thy1.1 and/or Shp1 f " fl CD4-cre mice was 
transferred into irradiated CD45.1 host ani- 
mals to generate mixed bone marrow chime- 
ras. CD44 expression on splenic T cells was 
analyzed by flow cytometry. Flow plots are 
gated on CD45.2+Thy 1 .1 +Thy 1 .2" (Thy1.1) or 
CD45.2+Thy1.1 -Thy1.2 + (Shpl m CD4-cre) 
populations, as well as CD4+ or CD8+. 
(B) Percentage of splenic T cells with a CD44 hi 
phenotype in bone marrow chimeras from A.; 
n = 6-7. (C) CD44 expression on T cells in the 
blood of mice of the indicated genotypes. 

(D) Percentage of T cells with a CD44 hi pheno- 
type in the indicated tissues of IL-4 and 
Shpl-deficient mice; n = 6-7. BLN, brachial 
LN; CLN, cervical LN; ILN, inguinal LN. 

(E) CD44 expression of T cells in blood of 
mice given 200 ug a-IL-4 or an isotype con- 
trol 5 d before sacrifice. (F) Percentage of 

T cells with a CD44 hi phenotype in the blood 
of mice treated as in E. Data are representative 
of two independent experiments; n = 4. 
Statistical analyses of data in B, D, and F 
were performed by two-way ANOVA and 
Bonferroni's post-test analysis; ns, P > 0.05; 
*, P < 0.05; **, P < 0.01. Horizontal bars for 
B, D, and F represent sample means. 
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with a neutralizing a-IL-4 antibody (Ohara and Paul, 1985). 
Administration of a-IL-4 to Shpl conditional knockout mice 
resulted in a significant reduction in the levels of CD4 + CD44 hl 
T cells, which reached wild-type levels, and CD8 + CD44 hi 
T cells, although this population remained elevated compared 
with controls (Fig. 6, E and F). These data further suggest that 
the enriched CD4 + memory phenotype population is com- 
pletely IL-4 dependent, whereas other factors contribute to 
the expanded CD8 + population. In sum, IL-4 is required for 



both the development and maintenance of the enriched pop- 
ulation of memory phenotype T cells found within mice with 
Shpl -deficient T cells. 



DISCUSSION 

The severe and complex phenotype of Shpl mutant mice has 
hindered attempts at determining the cell-autonomous role 
of Shpl in various hematopoietic cell types. Floxed Shpl mice 
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provide the best tool available for analyzing the cell-intrinsic 
consequences of Shpl deficiency. Therefore, we generated 
and analyzed mice with Shpl -deficient T cells. These mice 
lack the overt autoimmunity of me mice, confirming that the 
absence of Shpl inT cells alone is insufficient for the devel- 
opment autoimmunity (Shultz, 1988;Yu et al., 1996). 

Absence of Shpl in T cells does not phenocopy the T cell 
phenotype of me mice 

Shpl has been identified as a negative regulator of T reg cell 
development in me mice (Carter et al., 2005). In contrast, our 
results demonstrate that T reg cell development is normal in 
T cells specifically lacking Shpl. Furthermore, in contrast to 
the results of studies of me/me- and me"/me"-derived T cells, 
we found that Shpl deficiency has no effect on sensitivity to 
TCR stimulation. Several groups have reported enhanced 
positive selection of me thymocytes expressing transgenic 
TCRs (Carter et al, 1999; Johnson et al, 1999; Zhang et al, 
1999). In contrast, we find no change in the selection of thy- 
mocytes expressing either MHCI (PI 4, OT-I)- or MHCII 
(OT-II)-restricted transgenic TCRs. The P14, OTI, and OTII 
transgenes are all "strongly" selected TCRs; consequently, Shpl 
deficiency might affect the selection of TCRs with lower af- 
finity (Azzam et al., 1998;Atherly et al., 2006; Hu et al., 2010). 
However, previous data implicated Shpl in regulating the 
selection of the DO11.10TCR (Carter et al., 1999), which is 
believed to receive a stronger selecting signal than OT-II (Hu 
et al., 2010). Together, our findings and the previous reports 
suggest that the selection defect found in me mice is not the 
result of a cell-autonomous effect of Shpl deficiency but 
rather is a consequence of Shpl deficiency in another cell 
type (e.g., thymic DCs) and/or the systemic inflammatory 
signals in these mice. 

Likewise, the reported TCR hypersensitivity of periph- 
eral T cells from me mice (Johnson et al., 1999) also is likely 
to be the result of systemic inflammation and the enhanced 
activation state of the cells. Mice expressing a putative domi- 
nant-negative (phosphatase inactive) Shpl allele in T cells 
also were reported to show enhanced TCR sensitivity for 
thymocyte selection (Plas et al., 1999; Zhang et al., 1999) 
and activation (Plas et al., 1996). These mice lack the severe 
systemic inflammation of me mice yet still display TCR 
hypersensitivity. The discrepancy between these results and 
our study might be explained by the ability of the catalyti- 
cally impaired Shpl mutant to interfere with the binding of 
other SH2 domain— containing negative regulators to pro- 
teins with ITIMs and immunoreceptor tyrosine-based switch 
motifs (ITSMs; Lorenz, 2009). Overexpression of dominant- 
negative Shpl not only might outcompete wild-type Shpl 
for binding to ITIM- and ITSM-containing proteins but 
also could block the binding of Ship and/ or Shp2 to these 
motifs, thereby inhibiting their roles in antagonizing TCR 
signaling as well. In Shpl conditional knockout T cells, com- 
petition for ITIM and ITSM binding is, if anything, decreased, 
allowing other factors to interact with these proteins. Re- 
gardless, our results establish that Shpl is not essential for the 



negative regulation ofTCR signaling. This study underscores 
the value in separating cell-extrinsic and -intrinsic effects of 
Shpl activity. 

Shpl restricts the development of memory phenotype T cells 

Memory phenotype T cells, also known as innate T cells, are 
characterized by their surface memory phenotype and ability 
to rapidly produce cytokines upon TCR stimulation. Such 
cells have been hypothesized to play an important role in the 
early stages of immune responses. IL-4 has been demonstrated 
to be essential for the accumulation of memory phenotype 
T cells in several other knockout mice. For example, mice 
deficient for inducible T cell kinase (Itk) have an accumula- 
tion of memory phenotype T cells in the thymus (Atherly et al., 
2006), and the development of these CD44 hi thymocytes sub- 
sequently was shown to be dependent on the production of 
IL-4 by NKT cells (Wemreich et al, 2010). Mice deficient for 
Kriippel-like factor 2 (KLF2) or inhibitor of DNA binding 
3 (Id3) also develop prominent CD44 hl populations in the 
thymus that are dependent on IL-4 (Weinreich et al., 2009, 
2010; Verykokakis et al., 2010). Like these memory-like or 
innate T cells, the Shpl -deficient memory population expresses 
high levels of CD44 and has an increased capacity to quickly 
produce cytokines after TCR stimulation. However, the 
memory-like populations in Itk-, KLF2-, and Id3-deficient 
mice all arise during thymocyte development, whereas the 
CD44 lu population in Shpl conditional knockouts is restricted 
to the periphery, suggesting that a distinct developmental 
pathway is involved. Additionally, mixed bone marrow chi- 
mera experiments revealed that loss of KLF2 in theT cell lin- 
eage results in the development of memory phenotype T cells 
of both wild-type and cKO origin. The KLF2 phenotype 
therefore is a result of elevated extracellular IL-4. In contrast, 
we found that the development memory phenotype cells in 
Shpl cKO mice is cell intrinsic; wild-type bystander cells in 
mixed bone marrow chimeras maintain normal homeostasis. 
T cell protein tyrosine phosphatase (TCPTP) T cell— conditional 
knockout mice also accumulate CD4 + CD44 hl and CD8 + 
CD44 hi populations in the periphery (Wiede et al., 2011). 
Unlike Shpl -deficient T cells, however, theT cells in TCPTP 
conditional knockout mice predominantly have an activated/ 
effector-memory phenotype, and these mice develop systemic 
inflammation and autoimmunity, including lymphoid infil- 
trates in the liver and lungs, elevated antinuclear antibodies, 
and increased germinal center formation. T cells from Shpl 
conditional knockout mice had a mixed effector/ central mem- 
ory phenotype, did not infiltrate tertiary tissues, and displayed 
normal germinal center formation (unpublished data). 

We identified IL-4 as a critical factor driving the develop- 
ment and survival of CD4 + CD44 111 cells in Shpl fl/fl CD4-cre 
mice. Elimination of IL-4 resulted in wild-type levels of 
CD4 + CD44 hi cells in all lymphoid organs examined. IL-4 
also promoted the development and survival of CD8 + CD44 hl 
cells, as this population was reduced substantially upon elimi- 
nation of IL-4. In contrast to the normalization of the num- 
ber of CD4 + CD44 hi cells, we observed only a partial reduction 
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of CD8 + CD44 hl cells in the blood, spleen, and lymph nodes 
of Shpl fl/fl CD4-cre IL4~ 7 ~ mice. This finding indicates that 
there are other factors promoting the accumulation of CD8 + 
CD44 hl cells. The identity of these factors and their relative 
contributions to memory phenotype T cell development in 
various lymphoid organs remain to be elucidated. 

Shp1 negatively regulates Th2 skewing 

Previous studies of me-derived cells had identified Shpl as a 
negative regulator of Thl (Park et al., 2005;Yu et al., 2005) 
andTh2 differentiation (Kamata et al., 2003), but it remained 
unclear if Shpl has a cell-intrinsic role in regulating CD4 + T cell 
differentiation. Our results show that Shpl restricts the devel- 
opment of Th2 (but not Thl) cells in a cell-autonomous 
manner. This finding is congruent with the autoimmune lung 
disease to which me mice succumb, which is characterized by 
excessive type 2 inflammation and can be partially limited by 
the elimination of IL-4, IL-13, or Stat6 (Oh et al, 2009). 
However, given that CD4 + T cells are nonessential for the me 
lung phenotype (Shultz, 1988; Yu et al., 1996), additional 
sources of IL-4 and IL-13 must drive lung inflammation in 
these mice. 

A critical step in the differentiation of Th2 cells is the 
IL-4— mediated activation of Stat 6 (Zhou and Ouyang, 2003), 
and Shpl has been reported to antagonize IL-4/Stat 6 signaling. 
The IL-4Ra chain contains an ITIM that can interact with 
Shpl, Shp2, and Ship, and mutation of the ITIM results in a 
hyperproliferative response to IL-4 in a myeloid cell line 
(Kashiwada et al., 2001). Additionally, B cells harboring the 
ITIM mutation have impaired dephosphorylation of Stat 6 
(Hanson et al., 2003), and various hematopoietic cells types 
from me mice show enhanced Stat 6 phosphorylation in re- 
sponse to IL-4 or IL-13 (Haque et al., 1998; Hanson et al., 
2003). However, Shpl deficiency has been reported to have 
no impact on the IL-4— induced phosphorylation of Stat 6 in 
CD4 + and CD8 + T cells (Huang et al., 2005). Our results are 
in direct contrast, and suggest a cell-intrinsic mechanism for 
the regulation ofIL-4 signaling by Shpl. A likely explanation 
for this discrepancy is that the previous study only examined 
the induction of Stat 6 phosphorylation, whereas we found 
that Shpl primarily controls Stat 6 dephosphorylation. Regu- 
lation of Stat 6 phosphorylation likely explains how Shpl 
regulates Th2 differentiation. 

IL-4 reportedly has diverse effects on peripheral T cells 
beyond its role in Th2 polarization. For example, IL-4 pro- 
motes the survival of resting T cells (Vella et al., 1997). Con- 
sistent with Shpl deficiency having a more dramatic effect on 
CD8 + homeostasis, IL-4 has been demonstrated to have potent 
mitogenic effects on CD8 + T cells (Morris et al., 2009) and 
T cells expressing a constitutively active form of Stat 6 pri- 
marily adopt an activated phenotype (Bruns et al., 2003). 
Yet whether IL-4 has a positive or negative effect on CD8 + 
activation, cytotoxicity, and memory formation remains con- 
troversial (Terabe et al., 2000; Schiiler et al., 2001; Carvalho 
et al, 2002; Bronte et al., 2003). The IL-4 hypersensitivity of 
Shp 1 -deficient T cells likely contributes to the development 
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of memory phenotype T cells. However, enhanced IL-4 pro- 
duction by Shp 1 -deficient T cells is detected only after pro- 
longed stimulation (Fig. 5, A and B) and not directly ex vivo. 
This finding demonstrates that in Shpl conditional knockout 
animals, IL-4 facilitates the accumulation of memory pheno- 
type cells but does not induce IL-4 production. Additionally, 
our mixed bone marrow chimera experiments demonstrate 
that IL-4 from Shp 1 -deficient T cells alone is insufficient to 
alter the homeostasis of wild-type T cells. Together these 
data strongly suggest that Shp 1 -deficient T cells are reacting 
to homeostatic levels of IL-4, and that cell-intrinsic hypersen- 
sitivity to IL-4 signals is crucial for the increase in memory 
phenotype T cells and Th2 differentiation in the absence of 
Shpl. In this context, our findings highlight that IL-4, like 
other IL2-R~yc cytokines, can have powerful regulatory effects 
on CD4 + and CD8 + T cell homeostasis and differentiation. 

Concluding remarks 

By analyzing T cell— conditional Shpl knockout mice, we have 
delineated the cell-autonomous role of Shpl inT cell devel- 
opment, homeostasis, and activation. What remains to be de- 
termined is the precise role Shpl plays in regulating T cells 
during various immune responses. We have demonstrated 
that, in contrast to reports using me mice, Shpl deficiency in 
T cells does not have a major impact on thymocyte develop- 
ment. Rather, we have established that Shpl is an important 
regulator of peripheral T cell homeostasis. Through regulation 
of IL-4 signals inT cells, Shpl limits Th2 differentiation, IgE 
production, and critically limits the development of memory 
phenotype T cells. 

MATERIALS AND METHODS 

Mice. Shpl floxed (Shpl" 78 ; Pao et al., 2007b), P14 (Pircher et al., 1989), and 
CD4cre (Lee et al.,2001) mice have been previously described. OT-I, CD45.1, 
Thyl.l, and IL-4 knockout mice (IL-4 _/_ ) were obtained from The Jackson 
Laboratory. All mice were maintained on C57BL/6 background. Mice were 
housed in the Ontario Cancer Institute animal facility in accordance with 
institutional regulations. Animal protocols were approved by the Ontario 
Cancer Institute Animal Care Committee. For IL-4 neutralization experi- 
ments, 200 ug ct-IL-4 IgGl (1 1B1 1 ; BioXCell) or an isotype control (HRPN; 
BioXCell) were administered to mice by i.p. injection. Mice were sacrificed 
for analysis 5 d after injection. Bone marrow chimeras were generated by i.v. 
injection of 5 X 10 6 bone marrow cells into irradiated mice. Recipient mice 
received 900 cGy of radiation delivered by an X-RAD320 (PXi) 2 h before 
reconstitution. Chimeras were analyzed 3 mo after their generation. 

Western blots. Sorted thymocyte populations were lysed in NP-40 lysis 
buffer (Roche). Equal amounts of protein were resolved on NuPAGE 4—12% 
Bis Tris gels (Invitrogen) and transferred onto PVDF membranes using an 
iBlot (Invitrogen). Membranes were blocked with 5% milk in TBS contain- 
ing Tween-20 (Sigma-Aldrich), stained with antibodies against Shpl (EMD 
Millipore) and actin (Sigma-Aldrich), and subsequently developed using 
ECL Plus (GE Healthcare). 

ELISAs. Sera were isolated from 12— 16-wk-old littermate pairs using micro- 
tainer serum separator tubes (BD), and duplicate samples were analyzed by 
ELISA for IgE (BioLegend) and IgG2a (eBioscience), according to the manu- 
facturer's instructions. 

Flow cytometry and FACS. Splenic T cells were isolated using the mag- 
netic Pan T Isolation kit II (Miltenyi Biotec). Where indicated, cells were 
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stained with a-CD44 (eBioscience) in preparation for cell sorting. Thymocytes 
were stained with a-CD4 (eBioscience) and ot-CD8 (BD). Cell sorting was 
performed on a MoFlo (Beckman Coulter), and the purities of target popu- 
lations were routinely >90%. For analytical flow cytometry of T cell subsets, 
cells were stained with antibodies against CD5, CD8a, CD25, CD45.2, 
CD69, Thyl.l, Thyi.2, TNF, Va2, and pStat6 (BD), and CCR7, CD4, 
CD24, CD44, CD62L, CD127, IFN-7, IL-2, IL-4, and IL-5 (eBioscience). 
Data were collected on a FACSCalibur or FACSCanto (BD) and analyzed 
with Flowjo software (Tree Star). 

In vitro assays. Cells were cultured in RPMI-1640 supplemented with 
10% FBS, L-glutamine, [3-mercaptoethanol, penicillin, and streptomycin. For 
thymocyte assays, P14 CD8 + SP thymocytes were co-cultured in round- 
bottom 96- well plates at a 1:10 ratio with irradiated splenocytes from 
C57BL/6 mice pulsed with gp33 (KAVYNFATM) . T cell stimulation assays 
were performed in flat-bottom 96-well plates containing a-CD3 and a-CD28 
(eBioscience), cross-linked with 10 ug/ml a-hamster IgG (Jackson Immuno- 
Research Laboratories). For proliferation assays, cells were incubated with 
2.5 uM CFSE (Invitrogen) before culture. Cytokine production assays were 
performed by adding GolgiPlug (BD) to cultures 1 h after stimulation, and 
then harvesting cells for staining 5 h later. CD4 + T cell stimulation assays were 
performed by culturing naive CD4 + T cells with a-CD3 and ot-CD28 for 
3 d, as above, with the addition of 50 U/ml IL-2 (eBioscience) for an additional 
3 d. Cells were then restimulated with PMA and ionomycin (eBioscience). To 
assess Stat 6 activation, cells were stimulated with IL-4 (eBioscience) in 96-well 
round-bottom plates under the indicated conditions, before fixation with 
Lyse/Fix Buffer (BD),permeabilization with PermBuffer III (BD),and analy- 
sis of pStat6 by flow cytometry. 

We thank Francis Tong, Catherine Kerr, and Kyle Gill for technical assistance, as well 
as Sarah Q. Crome for critical reading of the manuscript. 

This work was supported by grants National Institutes of Health R37 CA491 52 
and R01 CA 114945 to B.G. Neel , and the Terry Fox Program Project Grant to P.S. 
Ohashi. B.G. Neel and P.S. Ohashi are Canada Research Chairs, Tier 1. DJ. Johnson 
was partially funded by a CIHR graduate award. This work was supported in part by 
a grant from the Ontario Ministry of Health and Long Term Care and the Princess 
Margaret Cancer Foundation. 

The authors have no conflicting financial interests. 

Submitted: 3 October 2012 
Accepted: 31 May 2013 

REFERENCES 

Atherly, L.O., J.A. Lucas, M. Felices, C.C.Yin, S.L. Reiner, and L.J. Berg. 
2006. The Tec family tyrosine kinases Itk and Rlk regulate the develop- 
ment of conventional CD8+ T cells. Immunity. 25:79—91. http://dx.doi 
.org/10. 1016/j.immuni.2006. 05.012 

Azzam, H.S., A. Grinberg, K. Lui, H. Shen, E.W Shores, and P.E. Love. 1998. 
CD5 expression is developmentally regulated by T cell receptor (TCR) 
signals and TCR avidity. J. Exp. Med. 188:2301-2311. http://dx.doi.org/ 
10.1084/jem.l88.12.2301 

Bronte,Y, P Serafmi, C. De Santo, I. Marigo,VTosello, A. Mazzoni, DM. Segal, 
C. Staib, M. Lowel, G. Sutter, et al. 2003. IL-4-induced arginase 1 suppresses 
alloreactive T cells in tumor-bearing mice. J Immunol. 170:270—278. 

Bruno, L., H. von Boehmer, and J. Kirberg. 1996. Cell division in the com- 
partment of naive and memory T lymphocytes. Eur.J. Immunol. 26:3179— 
3184. http://dx.doi.org/10.1002/eji.1830261251 

Bruns, H.A., U. Schindler, and M.H. Kaplan. 2003. Expression of a consti- 
tutively active Stat6 in vivo alters lymphocyte homeostasis with distinct 
effects inT and B cells J. Immunol. 170:3478-3487. 

Burshtyn, D.N., A.M. Scharenberg, N.Wagtmann, S. Rajagopalan, K. Berrada, 
T. Yi, J.R Kinet, and E.O. Long. 1996. Recruitment of tyrosine phos- 
phatase HCP by the killer cell inhibitor receptor. Immunity. 4:77—85. 
http://dx.doi.org/10.1016/S1074-7613(00)80300-3 

Burshtyn, D.N., J. Shin, C. Stebbins, and E.O. Long. 2000. Adhesion to 
target cells is disrupted by the killer cell inhibitory receptor. Curr. Biol. 
10:777-780. http://dx.doi.org/10.1016/S0960-9822(00)00568-6 



Carter, J.D., B.G. Neel, and U. Lorenz. 1999. The tyrosine phosphatase SHP-1 
influences thymocyte selection by setting TCR signaling thresholds. Int. 
Immunol. 11:1999-2014. http://dx.doi.org/10.1093/intimm/ll.12.1999 

Carter,J.D, G.M. Calabrese, M. Naganuma, and U. Lorenz. 2005. Deficiency 
of the Src homology region 2 domain-containing phosphatase 1 (SHP-1) 
causes enrichment of CD4+CD25+ regulatory T cells. J. Immunol. 174: 
6627-6638. 

Carvalho, L.H., G. SanoJ.C. Hafalla, A. Morrot, M.A. Curotto de Lafaille, and 
F. Zavala. 2002. IL-4-secreting CD4+ T cells are crucial to the develop- 
ment of CD8+ T-cell responses against malaria liver stages. Nat. Med. 
8:166-170. http://dx.doi.org/10.1038/nm0202-166 

Chemnitz, J.M., R.V. Parry, K.E. Nichols, C.H.June, and J.L. Riley. 2004. 
SHP-1 and SHP-2 associate with immunoreceptor tyrosine-based 
switch motif of programmed death 1 upon primary humanT cell stimu- 
lation, but only receptor ligation prevents T cell activation. J. Immunol. 
173:945-954. 

Chen, Z., L. Chen, S.W Qiao, T. Nagaishi, and R.S. Blumberg. 2008. 
Carcino embryonic antigen-related cell adhesion molecule 1 inhibits prox- 
imalTCR signaling by targeting ZAP-70.J Immunol. 180:6085-6093. 

Croker, B.A., B.R. Lawson, S. Rutschmann, M. Berger, C. Eidenschenk, A.L. 
Blasius, E.M. Moresco, S. Sovath, L. Cengia, L.D Shultz, et al. 2008. 
Inflammation and autoimmunity caused by a SHP1 mutation depend 
on IL-1, MyD88, and a microbial trigger. Proc. Natl. Acad. Sci. USA. 
105:15028-15033. http://dx.doi.org/10.1073/pnas.0806619105 

Cyster, J.G., and C.C. Goodnow. 1995. Protein tyrosine phosphatase 1C 
negatively regulates antigen receptor signaling in B lymphocytes and 
determines thresholds for negative selection. Immunity. 2:13—24. http:// 
dx.doi.org/10.1016/1074-7613(95)90075-6 

Dobber, R., A. Hertogh-Huijbregts, J. Rozing, K. Bottomly, and L. 
Nagelkerken. 1992. The involvement of the intestinal microflora in the 
expansion of CD4+ T cells with a naive phenotype in the periphery. Dev. 
Immunol. 2:141-150. http://dx.doi.org/10.1155/1992/57057 

Fowler, C.C, L.I. Pao, J.N. Blattman, and P.D Greenberg. 2010. SHP-1 111 
T cells limits the production of CDS effector cells without impacting 
the formation of long-lived central memory cells.J. Immunol. 185:3256— 
3267. http://dx.doi.org/10.4049/jimmunol.1001362 

Goldrath, A.W, L.Y Bogatzki, and M.J. Bevan. 2000. Naive T cells tran- 
siendy acquire a memory-like phenotype during homeostasis-driven 
proliferation. J Exp. Med. 192:557-564. http://dx.doi.org/10.1084/jem 
.192.4.557 

Hanson, E.M., H. Dickensheets, C.K. Qu, R.P. Donnelly, and A.D. Keegan. 
2003. Regulation of the dephosphorylation of Stat6. Participation of 
Tyr-713 in the interleukin-4 receptor alpha, the tyrosine phosphatase 
SHP-1, and the proteasome. J. Biol. Chem. 278:3903-3911. http:// 
dx.doi.org/10.1074/jbc.M211747200 

Haque, S.J., P. Harbor, M. Tabrizi, T. Yi, and B.R.Williams. 1998. Protein- 
tyrosine phosphatase Shp-1 is a negative regulator of IL-4- and IL-13- 
dependent signal transduction.J. Biol. Chem. 273:33893— 33896. http:/ /dx 
.doi.org/10.1074/jbc.273.51.33893 

Hu,J., Q. Qi, and A. August. 2010. Itk derived signals regulate the expression 
of Th-POK and controls the development of CD 4 T cells. PLoS ONE. 
5:e8891. http://dx.doi.org/10.1371/journal.pone.0008891 

Huang, Z., J.M. Coleman, Y. Su, M. Mann, J. Ryan, L.D. Shultz, and H. Huang. 
2005. SHP-1 regulates STAT6 phosphorylation and IL-4-mediated func- 
tion in a cell type-specific manner. Cytokine. 29:118—124. http://dx.doi 
.org/10.1016/j.cyto.2004.10.004 

Jiao, H., K. Berrada,W.Yang, M. Tabrizi, L.C. Platanias, andTYi. 1996. Direct 
association with and dephosphorylation of Jak2 kinase by the SH2- 
domain-containing protein tyrosine phosphatase SHP-1. Mol. Cell. Biol. 
16:6985-6992. 

Johnson, K.G., EG. LeRoy, L.K. Borysiewicz, and R.J. Matthews. 1999. TCR 
signaling thresholds regulating T cell development and activation are de- 
pendent upon SHP-1J. Immunol. 162:3802-3813. 

Kamata, T, M. Yamashita, M. Kimura, K. Murata, M. Inami, C. Shimizu, K. 
Sugaya, C.R.Wang, M.Taniguchi, andT. Nakayama. 2003. src homology 
2 domain-containing tyrosine phosphatase SHP-1 controls the develop- 
ment of allergic airway inflammation. J. CHtt. Invest. 111:109—119. 

Kashiwada, M., C.C. Giallourakis, P.Y. Pan, and P.B. Rothman. 2001. 
Immunoreceptor tyrosine-based inhibitory motif of the IL-4 receptor 



JEM Vol. 210, No. 7 



1429 



JEM 



associates with SH2-containing phosphatases and regulates IL-4-induced 
proliferation. J. Immunol. 167:6382—6387. 

Kim, C.H., C.K. Qu, G. Hangoc, S. Cooper, N. Anzai, G.S. Feng, and H.E. 
Broxmeyer. 1999. Abnormal chemokine-induced responses of immature 
and mature hematopoietic cells from motheaten mice implicate the pro- 
tein tyrosine phosphatase SHP-1 in chemokine responses. J. Exp. Med. 
190:681-690. http://dx.doi.Org/10.1084/jem.190.5.681 

Klingmuller, U, U. Lorenz, L.C. Cantley, B.G. Neel, and H.E Lodish. 1995. 
Specific recruitment of SH-PTP1 to the erythropoietin receptor causes 
inactivation of JAK2 and termination of proliferative signals. Cell. 80: 
729-738. http://dx.doi.org/10.1016/0092-8674(95)90351-8 

Koncz, G., K. Kerekes,K. Chakrabandhu, and A.O. Hueber. 2008. Regulating 
Vavl phosphorylation by the SHP-1 tyrosine phosphatase is a fine-tuning 
mechanism for the negative regulation of DISC formation and Fas- 
mediated cell death signaling. Cell Death Differ. 15:494— 503. http://dx.doi 
.org/10. 1038/sj.cdd.4402282 

Lee, H.S., M.A. Ostrowski, and S.D. Gray-Owen. 2008. CEACAM1 dynam- 
ics during neisseria gonorrhoeae suppression of CD4+ T lymphocyte 
activation. J. Immunol. 180:6827—6835. 

Lee, P.P., D.R. Fitzpatrick, C. Beard, H.K. Jessup, S. Lehar, K.W Makar, M. 
Perez-Melgosa, M.T. Sweetser, M.S. Schlissel, S. Nguyen, et al. 2001. 
A critical role for Dnmtl and DNA methylation in T cell develop- 
ment, function, and survival. Immunity. 15:763—774. http://dx.doi.org/ 
10.1016/S1074-7613(01)00227-8 

Lee, Y.J., S.C.Jameson, and K.A. Hogquist. 2011. Alternative memory in 
the CD8 T cell lineage. Trends Immunol. 32:50—56. http://dx.doi.org/ 
10.1016/j.it.2010.12.004 

Lorenz, U. 2009. SHP-1 and SHP-2 inT cells: two phosphatases functioning 
at many levels. Immunol. Rev. 228:342—359. http://dx.doi.org/10.llll/ 
j . 1 600-065X.2008.00760.X 

Lorenz, U, K.S. Ravic handrail, S.J. Burakoff, and B.G. Neel. 1996. Lack of 
SHPTP1 results in src-family kinase hyperactivation and thymocyte 
hyperresponsiveness. Proc. Natl. Acad. Sci. USA. 93:9624-9629. http:// 
dx.doi.org/10.1073/pnas.93.18.9624 

Minoo, P., M.M. Zadeh, R. Rottapel, J.J. Lebrun, and S. All. 2004. A novel 
SHP-1 /Grb2-dependent mechanism of negative regulation of cyto- 
kine-receptor signaling: contribution of SHP-1 C-terminal tyrosines in 
cytokine signaling. Blood. 103:1398-1407. http://dx.doi.org/10.1182/ 
blood-2003-07-2617 

Mizuno, K., Y. Tagawa, N. Watanabe, M. Ogimoto, and H. Yakura. 2005. 
SLP-76 is recruited to CD22 and dephosphorylated by SHP-1, thereby 
regulating B cell receptor-induced c-Jun N-terminal kinase activation. 
Eur.J. Immunol. 35:644-654. http://dx.doi.org/10.1002/eji.200425465 

Morris, S.C., S.M. Heidorn, D.R. Herbert, C. Perkins, DA. Hildeman, 
M.V Khodoun, and ED Finkelman. 2009. Endogenously produced 
IL-4 nonredundantly stimulates CD8+ T cell proliferation. J. Immunol. 
182:1429-1438. 

Murali-Krishna, K., and R. Ahmed. 2000. Cutting edge: naive T cells mas- 
querading as memory cells. J. Immunol. 165:1733—1737. 

Nakamura, M.C., E.C. Niemi, MJ. Fisher, L.D Shultz, WE. Seaman, and J.C. 
Ryan. 1997. Mouse Ly-49A interrupts early signaling events in natural 
killer cell cytotoxicity and functionally associates with the SHP-1 tyrosine 
phosphatase. J. Exp. Med. 185:673-684. http://dx.doi.org/10.1084/jem 
.185.4.673 

Neel, B.G., H. Gu, and L. Pao. 2003. The 'Shp'ing news: SH2 domain- 
containing tyrosine phosphatases in cell signaling. Trends Biochem. Sri. 
28:284-293. http://dx.doi.org/10.1016/S0968-0004(03)00091-4 

Oh, S.Y,T. Zheng,YK. Kim, L. Cohn, R.J. Homer, A.N. McKenzie, and Z. 
Zhu. 2009. A critical role of SHP-1 in regulation of type 2 inflamma- 
tion m the lung.^4m.J Respir. Cell Moi. Biol. 40:568-574. http://dx.doi 
.org/10.1 165/rcmb.2008-0225OC 

Ohara, J., and WE. Paul. 1985. Production of a monoclonal antibody to 
and molecular characterization of B-cell stimulatory factor-1. Nature. 
315:333-336. http://dx.doi.org/10.1038/315333a0 

Pani, G., M. KozlowskiJ.C. Cambier, G.B. Mills, and K.A. Siminovitch. 1995. 
Identification of the tyrosine phosphatase PTP1C as a B cell antigen 
receptor-associated protein involved in the regulation of B cell signal- 
ing. J. Exp. Med. 181:2077-2084. http://dx.doi.Org/10.1084/jem.181.6 
.2077 



Pao, L.I., K. Badour, K.A. Siminovitch, and B.G. Neel. 2007a. Nonreceptor 
protein- tyrosine phosphatases in immune cell signaling. Annu. Rev. 
Immunol. 25:473—523. http://dx.doi.org/10.1146/aniiurev.inmiunol.23 
.021704.115647 

Pao, L.I., K.P LamJ.M. Henderson, J.L. Kutok, M. Alimzhanov, L. Nitschke, 
M.L.Thomas, B.G. Neel, and K. Rajewsky. 2007b. B cell-specific deletion 
of protein- tyrosine phosphatase Shpl promotes B-la cell development 
and causes systemic autoimmunity. Immunity. 27:35—48. http://dx.doi 
.org/10. 1016/j.immuni. 2007. 04.016 

Park, I.K., L.D Shultz, JJ. Letterio, and J.D Gorham. 2005.TGF-betal inhib- 
its T-bet induction by IFN-gamma in murine CD4+ T cells through the 
protein tyrosine phosphatase Src homology region 2 domain-containing 
phosphatase- 1. J. Immunol. 175:5666—5674. 

Perez- Villar, J.J. , G.S. Whitney, M.A. Bowen, DH. Hewgill, A.A. Aruffo, and 
S.B. Kanner. 1999. CD5 negatively regulates the T- cell antigen receptor 
signal transduction pathway: involvement of SH2-containing phospho- 
tyrosine phosphatase SHP-1. Mot Cell. Biol. 19:2903-2912. 

Pircher, H., K. Biirki, R. Lang, H. Hengartner, and R.M. Zinkernagel. 
1989. Tolerance induction in double specific T-cell receptor transgenic 
mice varies with antigen. Nature. 342:559—561. http://dx.doi.org/10 
.1038/342559a0 

Plas, DR., R. Johnson, J. T. Pingel, RJ. Matthews, M. Dalton, G. Roy, A.C. 
Chan, and M.L.Thomas. 1996. Direct regulation of ZAP-70 by SHP-1 in 
T cell antigen receptor signaling. Science. 272:1173—1176. http://dx.doi 
.org/10.1126/science.272.5265.H73 

Plas, DR., C.B. Williams, GJ. Kersh, L.S. White, J.M. White, S. Paust, T 
Ulyanova, P.M. Allen, and M.L. Thomas. 1999. Cutting edge: the tyrosine 
phosphatase SHP-1 regulates thymocyte positive selection. J. Immunol. 
162:5680-5684. 

Roach, T.I. , S.E. Slater, L.S.White, X. Zhang, P.W Majerus, E.J. Brown, and 
M.L.Thomas. 1998. The protein tyrosine phosphatase SHP-1 regulates 
integrin-mediated adhesion of macrophages. Curr. Biol. 8:1035—1038. 
http://dx.doi.org/10.1016/S0960-9822(07)00426-5 

Rochman, Y., R. Spolski, and W.J. Leonard. 2009. New insights into the 
regulation of T cells by gamma(c) family cytokines. Nat. Rev. Immunol. 
9:480-490. http://dx.doi.org/10.1038/nri2580 

Schiiler, T, T. Kammertoens, S. Preiss, P. Debs, N. Noben-Trauth, and T. 
Blankenstein. 2001. Generation of tumor-associated cytotoxic T lym- 
phocytes requires interleukin 4 from CD8 + T cells. J Exp. Med. 194: 
1767-1775. http://dx.doi.org/10.1084/jem.194.12.1767 

Shultz, L.D. 1988. Pleiotropic effects of deleterious alleles at the "motheaten" 
locus. Curr. Top. Microbiol. Immunol. 137:216—222. http://dx.doi.org/10 
.1007/978-3-642-50059-6_32 

Shultz, L.D, PA. Schweitzer, TV Rajan, T Yi, J.N. Ihle, R.J. Matthews, 
M.L.Thomas, and D.R. Beier. 1993. Mutations at the murine moth- 
eaten locus are within the hematopoietic cell protein- tyro sine phos- 
phatase (Hcph) gene. Cell 73:1445-1454. http://dx.doi.org/10.1016/ 
0092-8674(93)90369-2 

Sprent, J., and CD. Surh. 2011. Normal T cell homeostasis: the conversion 
of naive cells into memory-phenotype cells. Nat. Immunol. 12:478—484. 
http://dx.doi.org/10.1038/ni.2018 

Stefanova, I., B. Hemmer, M.Vergelli, R. Martin, WE. Biddison, and R.N. 
Germain. 2003. TCR ligand discrimination is enforced by competing 
ERK positive and SHP-1 negative feedback pathways. Nat. Immunol. 
4:248-254. http://dx.doi.org/10.1038/ni895 

Stromnes, I.M., C. Fowler, C.C. Casamina, C.M. Georgopolos, M.S. McAfee, 
TM.Schniitt,X.Tan,TD.Kim,I.ChoiJ.N.Blattman,andPD.Greenberg. 
2012. Abrogation of SRC homology region 2 domain-containing phos- 
phatase 1 in tumor-specific T cells improves efficacy of adoptive im- 
munotherapy by enhancing the effector function and accumulation of 
short-lived effector T cells in vivo. J. Immunol. 189:1812—1825. http:// 
dx.doi.org/10.4049/jimmunol.1200552 

Su, M.W, C.L.Yu, S.J. Burakoff, andYJ.Jm. 2001. Targeting Src homology 2 
domain-containing tyrosine phosphatase (SHP-1) into lipid rafts inhibits 
CD3-inducedT cell activation. J. Immunol. 166:3975—3982. 

Su, X.,T. Zhou, Z.Wang, P.Yang, R.S.Jope, and J.D Mountz. 1995. Defective 
expression of hematopoietic cell protein tyrosine phosphatase (HCP) 
in lymphoid cells blocks Fas-mediated apoptosis. Immunity. 2:353—362. 
http://dx.doi.org/10.1016/1074-7613(95)90143-4 



1430 



Shp1 regulates T cell homeostasis | Johnson et al. 



Article 



Takayama, H., M.H. Lee, and Y. Shirota-Someya. 1996. Lack of require- 
ment for SHP-1 in both Fas-mediated and perforin-mediated cell death 
induced by CTL. J. Immunol. 157:3943-3948. 

Taylor, A., M. Akdis, A. Joss, T. Akkoc, R. Wenig, M. Colonna, I. Daigle, E. 
Flory, K. Blaser, and C.A. Akdis. 2007. IL-10 inhibits CD28 and ICOS 
costimulations of T cells via src homology 2 domain-containing pro- 
tein tyrosine phosphatase 1. J. Allergy Clin. Immunol. 120:76—83. http:// 
dx.doi.org/10.1016/jjaci.2007.04.004 

Terabe, M., S. Matsui, N. Noben-Trauth, H. Chen, C. Watson, D.D. Donaldson, 
D.P. Carbone,W.E. Paul, and JA. Berzofsky. 2000. NKT cell-mediated 
repression of tumor immunosurveillance by IL-13 and the IL-4R-STAT6 
pathway Nat. Immunol. 1:515-520. http://dx.doi.org/10.1038/82771 

Tsui, H.W., K.A. Sirmnovitch, L. de Souza, and F.WTsui. 1993. Motheaten 
and viable motheaten mice have mutations in the haematopoietic cell 
phosphatase gene. Nat. Genet. 4:124-129. http://dx.doi.org/10.1038/ 
ng0693-124 

Vella, A.,T.K.Teague,J. IhleJ. Kappler, and P. Marrack. 1997. Interleukin 4 
(IL-4) or IL-7 prevents the death of resting T cells: stat6 is probably not 
required for the effect of IL-4. J Exp. Med. 186:325-330. http://dx.doi 
.org/10.1084/jem.l86.2.325 

Verykokakis, M., M.D. Boos, A. Bendelac, and B.L. Kee. 2010. SAP protein- 
dependent natural killer T-like cells regulate the development of CD8(+) 
T cells with innate lymphocyte characteristics. Immunity. 33:203—215. 
http://dx.doi.Org/10.1016/j.immuni.2010.07.013 

Vos, Q., L.A.Jones, and A.M. Kruisbeek. 1992. Mice deprived of exogenous 
antigenic stimulation develop a normal repertoire of functional T cells. 
J. Immunol. 149:1204-1210. 

Weinreich, M.A., K. Takada, C. Skon, S.L. Reiner, S.C.Jameson, and KA. 
Hogquist. 2009. KLF2 transcription-factor deficiency in T cells results 
in unrestrained cytokine production and upregulation of bystander 



chemokine receptors. immf/m7y.31: 122— 130. http://dx.doi.Org/10.1016/j 
.immuni.2009.05.011 

Weinreich, M.A., OA. Odumade, S.C.Jameson, and K.A. Hogquist. 2010. 
T cells expressing the transcription factor PLZF regulate the develop- 
ment of memory-like CD8+ T cells. Nat. Immunol. 11:709—716. http:// 
dx.doi.org/10.1038/ni.1898 

Wiede, F, B.J. Shields, S.H. Chew, K. Kypanssoudis, C. vanVliet, S. Calk, MX. 
Tremblay S.M. Russell, D.I. CodfreyandTTiganis. 201 1 T cell protein tyro- 
sine phosphatase attenuates T cell signaling to maintain tolerance in mice. 
J. Clin. Invest. 121:4758-4774. http://dx.doi.Org/10.l 172/JCI59492 

Xiao.W, H. Hong.Y. Kawakami.Y. Kato, DWu, H.Yasudo, A. Kimura, H. 
Kubagawa, L.F Bertoli, R.S. Davis, et al. 2009. Tumor suppression by 
phospholipase C-beta3 via SHP-1 -mediated dephosphorylation of Stat5. 
Cancer Cell. 16:161-171. http://dx.doi.Org/10.1016/j.ccr.2009.05.018 

Yu, C.C., H.W.Tsui, BY. Ngan, M.J. Shulman, G.E.Wu, and F.WTsui. 1996. 
B and T cells are not required for the viable motheaten phenotype. 
J. Exp. Med. 183:371-380. http://dx.doi.Org/10.1084/jem.183.2.371 

Yu,WM., S.Wang.A.D. Keegan, M.S.Williams, and C.K. Qu. 2005. Abnormal 
Thl cell differentiation and IFN-gamma production in T lymphocytes 
from motheaten viable mice mutant for Src homology 2 domain- 
containing protein tyrosine phosphatase-l.J. Immunol. 174:1013—1019. 

Zhang, J., A. K. Somani, D. Yuen, Y. Yang, PE. Love, and KA. Siminovitch. 
1999. Involvement of the SHP-1 tyrosine phosphatase in regulation of 
T cell selection. J. Immunol. 163:3012—3021. 

Zhang, J., A.K. Somani, and K.A. Siminovitch. 2000. Roles of the SHP-1 
tyrosine phosphatase in the negative regulation of cell signalling. Semin. 
Immunol. 12:361-378. http://dx.doi.org/10.1006/smim.2000.0223 

Zhou, M., and W. Ouyang. 2003. The function role of GALA- 3 in Thl 
and Th2 differentiation. Immunol. Res. 28:25—37. http://dx.doi.org/10 
.1385/IR:28:1:25 



JEM Vol. 210, No. 7 



1431 



